Despite their initial effectiveness in the treatment of melanoma, chemotherapeutic agents are ultimately futile against this most aggressive form of skin cancer, and patients inevitably succumb to the disease. One of the mechanisms by which residual melanoma cells become chemoresistant is via the decreased efficiency of chemotherapeutics through the action of ATP-binding cassette (ABC) proteins that are variably expressed by the tumor cells. The clinical relevance of the ABC transporters in the context of cancer is paramount. Inhibitors of these transporters have been shown to increase the efficacy of standard therapy in experimental systems. Their clinical application requires better understanding of the role individual transporters play in the mechanism and the development of more specific inhibitors with minimal off target effects. ABC transporters in tumor cells have been shown to confer multidrug resistance in many solid tumors. However, their role in melanomas is far from clear. Here, we prospectively identify ABCB8 as a specific and major player in the chemoresistance of several melanoma cell lines. ABCB8 knockdown with shRNA reduced doxorubicin resistance f3-to 4-fold in these cells. Furthermore, we show that this reversal is specific to doxorubicin and not to other commonly used chemotherapeutics. Our results also provide evidence that ABCB8 conferred resistance through the protection of mitochondrial DNA from doxorubicin-induced DNA damage. (Mol Cancer Res 2009;7(1):79 -87) 
Introduction
Chemotherapeutic resistance is a major impediment to the successful treatment of cancer. It is estimated that over 40% of human tumors acquire multidrug resistance, and oftentimes, a combination of toxic anticancer drugs are administered, each with various side effects (1) . Chemotherapy resistance emerges as a result of changes in cellular mechanisms that can affect drug sensitivity, including alterations in cell cycle, reduced apoptosis, altered metabolism, increased DNA damage repair, and most notably, increased efflux of drugs (2) . The ability to actively pump toxic drugs out of the cell is the most commonly encountered mechanism of drug resistance and is mediated by the ATP-binding cassette (ABC) transporters. Of the 48 known human ABC transporters, the most studied and targeted mediators of drug resistance are ABCB1 (MDR1), ABCC1 (MRP1), and ABCG2 (MXR). However, these transporters do not function in every cancer type and therefore cannot account for all ABC transporter mediated resistance. Human malignant melanoma, which accounts for 10,000 US deaths annually, is notoriously resistant to chemotherapeutics (3, 4) . Doxorubicin (Adriamycin), a widely used antineoplastic agent, is one of the most effective drugs ever developed but is virtually ineffective against melanoma cells as they frequently develop resistance (5-7). The roles of ABCB1 and ABCG2 (most widely known ABC transporters) in melanoma chemoresistance seem to be limited (8, 9) . There is little if any expression of ABCB1 in melanoma cells and its expression is not induced by chemotherapeutics known to induce its expression in other tumor types (8, 10, 11) . Identifying elements within the ABC family that are responsible for doxorubicin resistance in melanoma cells is critical, but unfortunately, it has been very challenging. However, recently it was discovered that inhibition of ABCB5, the structural paralog of ABCB1 and highly expressed in melanoma cells, could sensitize melanoma cells to doxorubicin (12, 13) . Identifying the repertoire of ABC transporters that promote doxorubicin resistance in melanoma cells and how they function is essential to understanding the complex mechanisms of chemoresistance.
The human half-molecule ABC transporter ABCB8 (mABC1) is localized to the inner mitochondrial membrane (14) . Although the physiologic function of ABCB8 remains unknown, mitochondrial transporters are thought to be involved in the transport of heme, phospholipids, or peptides (15) . The knockdown of ABCB8 by siRNA in neonatal rat cardiomyocytes resulted in an increase in oxidative stress, suggesting that ABCB8 plays a cardioprotective role in these cells (16) . Evidence suggests that ABCB8 may also play a role in chemoresistance. Microarray analysis comparing doxorubicinresistant human T-lymphoblastoid leukemic cells and the doxorubicin-sensitive parental line revealed the differential expression of a variety of different ABC transporters including ABCB8 (17) . Due to the lack of protective histones, mitochondrial DNA is easily damaged by doxorubicin, resulting in cell death (18) . We sought to analyze the role ABC transporters play in melanoma resistance to chemotherapy, and to identify and characterize unique transporters that specifically play a role in the resistance of doxorubicin. In this study, we prospectively identify ABCB8 as a transporter that specifically contributes to the chemoresistance of melanoma cells to doxorubicin. Furthermore, our functional analysis indicated that ABCB8 could exert its function by protecting the mitochondrial DNA of cells from doxorubicin induced damage.
Results

Doxorubicin Sensitivity of Human Melanoma Cells and Expression of ABC Transporters
To determine the cytotoxicity of doxorubicin on melanoma cells, we did a dose-response curve by treating melanoma cell lines of various phases (i.e., radial growth phase, vertical growth phase, or metastasis) with increasing concentrations of doxorubicin for 24 hours (Table 1 ; Fig. 1A ). The resulting IC 50 values illustrate the varying degrees of sensitivity to doxorubicin between cell lines (WM793B, 0.69 Amol/L; WM1552C, 3.6 Amol/L; WM39, 0.69 Amol/L; 451Lu, 5.02 Amol/L; MDA-MB-435, 5.2 Amol/L). Using these data, we were able to determine an effective dose of doxorubicin to use for each cell line in the ABC transporter shRNA screen.
We choose five ABC transporters for the shRNA screen that we believe would be good candidates for regulating doxorubicin resistance in melanoma cells. ABCB8 and ABCB10 are both half-molecule transporters located on the mitochondrial membrane and are part of the cancer cell genome (19) . Moreover, ABCB8 is overexpressed in doxorubicin-resistant leukemic cells (17) . ABCC1, ABCC2, and ABCF2 are often expressed in epithelial malignant tumors and are up-regulated in cells selected for doxorubicin resistance (4, 17, (20) (21) (22) . For a positive control, we selected ABCB5, which was recently shown to mediate doxorubicin resistance in melanoma cells (13) . ABCG2 was selected as a negative control as previous studies have shown no correlation between chemoresistance in melanoma cells and ABCG2 expression (9) .
To analyze the expression levels of the selected ABC transporters, we did quantitative real-time PCR on 5 melanoma cell lines. Overall, we found relatively low expression levels of ABCB5, ABCC1, and ABCG2; moderate expression levels of ABCB8, ABCB10, and ABCC2; and high expression of ABCF2 (Fig. 1B) . ABCB8 was ubiquitously expressed in all cell types tested, and its expression seems to be independent of cancer type (Fig. 1C) . Similar ABC transporter expression data for melanoma cells has been reported previously (10) . Interestingly, a recent study found ABCB8 to be highly expressed in both melanoma cells and normal melanocytes, suggesting its physiologic function may be more tissue specific than cancer specific (10).
Effect of ABC Transporter Knockdown on Doxorubicin Sensitivity in Melanoma Cells
The knockdown efficiency of five shRNA expression vectors was tested for each ABC transporter by quantitative real-time PCR. The shRNAs that displayed >80% knockdown of mRNA levels compared with the nontarget control were used in the study. For example, using the WM793B cell line shRNA knockdown of the following ABC transporters resulted in <20% endogenous gene expression: ABCB5 15 .6% F 1.9%). We did not observe any significant effect on cell viability after exposure to doxorubicin compared with the control with the knockdown of ABCB10, ABCF2, or ABCG2. Thus, our data shows that ABCC1, ABCC2, and ABCB5 contribute to doxorubicin resistance in melanoma cells, whereas ABCB10, ABCF2, and ABCG2 are dispensable.
Reversal of Doxorubicin Resistance in Human Melanoma
Cells by Knockdown of the Mitochondrial Transporter ABCB8
To determine if ABCB8 functions in doxorubicin resistance, we initially tested the effect of ABCB8 knockdown on three melanoma cell lines. We found that knockdown of ABCB8 was able to significantly reverse doxorubicin resistance in these lines (MDA-MB-435, 41.0% F 2.2% versus 10.7% F 2.6%; WM793B, 40.3% F 1.7% versus 8.3% F 0.57%; WM1552C, 44.2% F 1.9% versus 17.6% F 2.4%; Fig. 3A and C). Knockdown of ABCB8 on 2 additional melanoma cell lines also showed a significant effect on doxorubicin response (WM39, 59.2% F 5.4% versus 27.9% F 2.1%; 451Lu, 72.8% F 6.9% versus 49.9% F 2.7%; Fig. 3A ). To determine if ABCB8-mediated chemoresistance is specific to melanoma cells, we furthered our study to include epithelial cancers of ovarian and breast origin. Doxorubicin dose response curves were created for the breast cancer and ovarian cancer cells were analyzed and used to determine effective doses for treatment (data not shown).
Although not as effective as observed in melanoma cells, knockdown of ABCB8 could sensitize some of the ovarian (TOV-21G, 77.2% F 2.9% versus 62.7 F 2.0%) and breast (MCF-7, 41.4% F 8.0% versus 26.7% F 3.3%; Hs578T, 55.7% F 5.4% versus 43% F 4.7%) cancer cell lines to doxorubicin (Fig. 3A) . Similar results were found when using a second shRNA, with high knockdown efficiency, targeting a different region of the ABCB8 transcript. To determine if loss of ABCB8 or exposure to puromycin could reduce cell viability during the experiment, we compared puromycin-selected ABCB8 knockdown cells with no doxorubicin treatment to the scrambled shRNA control. We did not observe any significant decrease in cell viability in puromycin-selected ABCB8 knockdown cells not exposed to doxorubicin (Fig. 3A) . These results provide a role for ABCB8 in doxorubicin resistance in melanoma cells and to a lesser extent in breast and ovarian cancers.
A major limitation of cancer treatment is the variety of serious side effects often associated with chemotherapeutics. These are often correlated with increasing concentrations of the drug. Therefore, lowering the dose-limiting toxicity of a drug without compromising effectiveness would increase the therapeutic window of treatment. To examine this, we selected two melanoma cell lines expressing ABCB8 shRNA or nontarget control shRNA and exposed them to increasing concentrations of doxorubicin for 24 hours. We found that knockdown of ABCB8 resulted in a 75% reduction in IC 50 from 0.75 to 0.19 Amol/L in WM793B cells and a 64% reduction in IC 50 from 4.8 to 1.75 Amol/L in MDA-MB-435 cells (Fig. 3B) . Thus, inhibiting ABCB8 in melanoma cells before doxorubicin treatment results in a significant reversal of chemoresistance and a decrease in the IC 50 . Therapeutically, these low concentrations could eliminate potential side effects commonly seen with high doses of doxorubicin.
ABCB8-Mediated Chemoresistance in Melanoma Cells
Is Specific to Doxorubicin A common feature of ABC transporters is their ability to confer cross-resistance to a variety of structurally unrelated drugs (2) . To determine if ABCB8 could sensitize melanoma cells to a broad range of chemotherapeutics, we treated two melanoma cell lines expressing ABCB8 shRNA or nontarget control shRNA with commonly used anticancer drugs from various drug classes. We found that ABCB8-mediated drug resistance was specific to doxorubicin. We did not observe any differences in IC 50 values in melanoma cells expressing ABCB8 shRNA compared with the control when treated with Taxol, 5-fluorouracil, or cisplatin (Table 2 ). These results suggest that ABCB8 does not confer resistance to a wide Nontarget scrambled shRNA and specific ABC transporter shRNAs were expressed in 3 different melanoma cell lines and exposed to doxorubicin for 24 h. The CellTiter-Glo assay for cell viability was conducted 24 h after removal of doxorubicin. Columns, mean percentage from three independent experiments; bars, SE. *, P < 0.01; **, P < 0.05.
variety of compounds and may be specific to a limited structurally related class of drugs, including doxorubicin.
Loss of ABCB8 Results in an Increase in DoxorubicinInduced Mitochondrial DNA Damage
The mitochondrial genome is extremely susceptible to DNA damaging agents, such as doxorubicin, due to the lack of protective histones (18) . Because ABCB8 is localized to the mitochondrial membrane we envisioned that ABCB8 could be providing a protective role by preventing damage to the mitochondrial genome. To test this possibility, we treated the WM793B melanoma cell line expressing ABCB8 shRNA or nontarget control shRNA with increasing concentrations of doxorubicin for 4 hours. High molecular weight DNA was isolated 24 hours later for QPCR. QPCR is a quantitative PCR technique commonly used to measure mitochondrial DNA damage (23) . This technique is based on the premise that lesions present in the mitochondrial DNA will prevent the progression of the polymerase, resulting in a decrease in the amplification of damaged templates compared with nondamaged DNA. Therefore, amplification is inversely proportional to DNA damage. We found that knockdown of ABCB8 results in a significant increase in mitochondrial DNA damage (0.84 lesions/10 Kb F 0.05) compared with cells expressing the nontarget control (0.44 lesions/10 Kb F 0.03) when treated with 1 Amol/L of doxorubicin (Fig. 4A, B, and C) . Compared with the control, the effect of ABCB8 knockdown on mitochondrial DNA damage was more pronounced when cells were treated with 5 Amol/L doxorubicin (0.68 lesions/10 Kb F FIGURE 3. Reversal of doxorubicin resistance by ABCB8 shRNA expression. A. Nontarget scrambled shRNA and ABCB8 shRNA were expressed in cancer cell lines and exposed to doxorubicin for 24 h. The CellTiter-Glo assay for cell viability was conducted 24 h after removal of doxorubicin. Percent survival was determined by the formula: shRNA infected (doxorubicin treated)/shRNA infected (untreated). Dox, doxorubicin. Puromycin-selected ABCB8 knockdown cells not exposed to doxorubicin were used as a control and viability compared with scrambled shRNA control. Columns, mean percentage from three independent experiments; bars, SE. *, P < 0.01; **, P < 0.05. B. Melanoma cell lines WM793B and MDA-MD-435 expressing nontarget scrambled shRNA or ABCB8 shRNA were incubated with increasing concentrations of doxorubicin for 24 h and cell survival calculated as above 24 h after drug removal. The results are representative of at least three independent experiments; bars, SE. *, P < 0.01; **, P < 0.05. 0.07 versus 2.1 lesions/10 Kb F 0.14) and 10 Amol/L doxorubicin (0.86 lesions/10 Kb F 0.05 versus 2.9 lesions/10 Kb F 0.21). Our results show that knockdown of ABCB8 results in an increase in doxorubicin-induced mitochondrial DNA damage. We conclude that ABCB8 functions in melanoma chemoresistance by protecting the mitochondrial genome from damage.
Discussion
Malignant melanoma is notoriously resistant to doxorubicin, one of the most commonly used chemotherapeutic agents to treat cancer. This resistance is mediated by a variety of mechanisms, most importantly, the action of the proteins that are part of the ABC transporter family. Although the expression of these transporters is often responsible for mediating chemotherapeutic resistance in many cancer types, there is little data available on which ABC transporter(s) is responsible for conferring drug resistance in melanomas. In this study, we identified a member of the ABC family, ABCB8, which displayed a role in mediating specifically doxorubicin resistance in human melanoma cells. Using shRNA to knockdownspecific ABC transporters, we found that loss of ABCB8 could sensitize cells to doxorubicin. Furthermore, our analysis of the mechanism of action of this transporter suggests that it infers doxorubicin resistance by preventing mitochondrial DNA damage.
The role of the mitochondria in cancer development and chemoresistance has been studied for decades. It is wellestablished that cancer cells possess alterations in mitochondrial functions compared with normal cells allowing them to adapt to the microenvironment of the tumor niche, where selective pressures results in changes in the energy metabolism of these cells (24) . Interestingly, there is also evidence that a metabolic mechanism may be a mean by which a cancer cell becomes drug resistant. Recent reports have showed that drug-resistant tumor cells have low mitochondrial membrane potential, and these cells use inefficient high-rate glycolysis to protect against reactive oxygen species (25). Because several of the commonly used chemotherapeutics in the clinical target mitochondrial DNA, it is thought that resistance to many of these anticancer agents might be due to alteration in the mitochondrial function. The chemotherapeutic 5-fluorouracil activates the mitochondrial protein Romo1, which can in turn increase the levels of antioxidant enzymes resulting in drug resistance (26) . A novel strategy to investigate the role of mitochondria in doxorubicin resistance was used by Singh et al (18) . Using a cancer cell line lacking mitochondria, they discovered these cells were extremely resistant to doxorubicin compared with the parental cell line containing mitochondria. Moreover, the treatment of HeLa cells with doxorubicin resulted in fragmentation of mitochondrial DNA. To date, there are four known human mitochondrial ABC transporters: ABCB6, ABCB7, ABCB8, and ABCB10. Although the functions of the human transporters remain elusive, studies conducted on the yeast orthologs suggest they are involved in iron metabolism and the transport of heme precursors, phospholipids, or peptides (14, 15, 27) . Bacteria are also known to express a variety of ABC transporters, which can mediate resistance to various compounds including anticancer agents and antibiotics (28) . Given the link of the origin of mitochondria from bacteria, it would not be illogical if the ABC transporters located on the human mitochondrial membrane maintained a similar function.
Although the function of mitochondria have been implicated in resistance to numerous chemotherapeutics, our data suggests that ABCB8 does not confer cross-resistance to a variety of structurally unrelated drugs and may be specific to a particular class of drugs, which includes doxorubicin. Moreover, it does not seem that ABCB8 mediates protection against all chemotherapeutics that target mitochondrial DNA. Cisplatin is known to cause mitochondrial DNA damage and has been shown to bind 50 times more to mitochondrial DNA than chromosomal DNA in human melanoma cells (29) . However, in our studies, loss of ABCB8 was not able to sensitize melanoma cells to cisplatin. It would be interesting to determine if other ABC transporters located on the mitochondria are able to regulate chemoresistance against cisplatin or other anticancer drugs known to target mitochondrial DNA.
Targeting the ABC transporters therapeutically has been challenging. To date, there are no available ABC transporter inhibitors in the clinic. Although some clinical trials with ABCB1 inhibitors have been promising, their effectiveness has been limited by their lack of specificity and toxic side effects (2) . Determining which ABC transporters regulate chemoresistance to various anticancer drugs in specific cancers should provide better therapeutic targets. Moreover, the recent solving of the ABC transporter crystal structure will allow us to better understand the mechanism of transport and provide a template for designing specific inhibitors (30) . Our results suggest that mitochondrial transporters, specifically ABCB8, may be good targets for reversing chemoresistance. In this study, we show that ABCB8 functions in doxorubicin chemoresistance in melanoma cells. However, circumstantial evidence suggests ABCB8 may also function in other cancers. ABCB8 is significantly overexpressed in doxorubicin-resistant leukemic cells and is one of the most commonly mutated genes in breast cancer (17, 19) . We observed a modest response to doxorubicin after ABCB8 knockdown in two breast cancer cell lines and one ovarian cancer cell line. Therefore, unlike melanoma cells, other ABC transporters must be able to compensate for ABCB8 loss in breast and ovarian cancers. Interestingly, we observed a gradual decrease in melanoma cell survival after ABCB8 knockdown after prolonged periods in culture, which was not seen in breast or ovarian cancer cell lines (data not shown). This suggests that in addition to regulating doxorubicin resistance, ABCB8 may play a specific physiologic role in melanoma that could be targeted therapeutically.
One of the major hurdles drug companies must overcome when developing chemotherapeutics is drug toxicity. The majority of anticancer compounds fail to reach the clinic because of life-threatening side effects, which often increase at higher drug concentrations. Developing specific ABC transporter inhibitors and administering them with particular drugs could lower the effective dose of chemotherapeutic and therefore reduce the severity of side effects. We found that with doxorubicin treatment, we could lower the IC 50 in melanoma cells f3-to 4-fold after loss of ABCB8. Previous studies have shown that low levels of chemoresistance (2-to 4-fold) can hamper the effectiveness of treatment (12, 13, (31) (32) (33) . Thus, knockdown of ABCB8 before doxorubicin treatment should not only lower the effective dose needed for sensitization but also reduce the severity of side effects often seen with doxorubicin treatment. However, it seems that it may not be this simplistic as treatment with an ABC inhibitor and chemotherapeutic may kill the cancer cells but could also compromise the ability of healthy cells to protect themselves against the drug. In accordance, our data along with previous studies suggests that ABCB8 may be responsible for protecting cardiac cells against doxorubicin induced damage.
A common side effect associated with doxorubicin treatment and the biggest limitation of its use in the clinic is cardiomyopathy, which results in congestive heart failure that is refractory to conventional treatments (34) . Studies have shown that doxorubicin treatment causes mitochondrial DNA damage and results in mitochondrial dysfunction in rat cardiac cells (18, 35) . Recently, it was shown in neonatal rat cardiomyocytes that adenoviral overexpression of ABCB8 reduced the mitochondrial membrane potential loss due to hydrogen peroxide treatment (16) . This indicates that ABCB8 plays a cardioprotective role. Moreover, ABCB8 is highly expressed in the heart, probably due to higher numbers of mitochondria in cardiac cells (36) . These studies along with our data showing that loss of ABCB8 results in an increase in mitochondrial DNA damage after doxorubicin treatment suggests that ABCB8 is important in protecting cardiac cells against doxorubicin-induced damage. Therefore, when developing inhibitors of ABC transporters to reverse chemoresistance, it is important to realize that these transporters also have physiologic functions that could compromise the ability of normal cells to efflux toxic compounds. Determining the physiologic functions of the ABC transporters in specific cell types and the mechanisms cells use to confer drug resistance will enable us to develop new strategies to improve cancer treatment.
Materials and Methods
Cell Culture
The human malignant melanoma cell lines WM793B, WM1552C, WM39, 451Lu, and MDA-MB-435 were purchased from American Type Culture Collection. WM793B, WM1552C, WM39, and 451Lu were cultured in 4:1 mixture MCDB 153 (Sigma) with 1.5 g/L sodium bicarbonate (HyClone) and Leibovitz's L-15 medium (Invitrogen) with 2 mmol/L L-glutamine supplemented with 2% fetal bovine serum (Invitrogen), 5 Ag/mL bovine insulin, 1.68 mmol/L CaCl2, and 100 IU/mL penicillin/streptomycin (Sigma). MDA-MB-435 cells were cultured in Leibovitz's L-15 medium (Invitrogen) with 2 mmol/L L-glutamine supplemented with 10% fetal bovine serum (Invitrogen), 10 Ag/mL bovine insulin, and 100 IU/mL penicillin/streptomycin (Sigma).
Isolation of RNA and Quantitative Real-time PCR
Total RNA was prepared using the Absolutely RNA Miniprep kit (Stratagene). RNA was incubated with DNase I and converted into cDNA using the High Capacity cDNA Archive kit (Applied Biosystems). All Taqman probes were predesigned and ordered from Applied Biosystems. The ABCB5 probe is specific for the functional h isoform. Probes were mixed with Taqman Universal PCR Master Mix (Applied Biosystems) and amplified in triplicate on the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). Expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase. To detect ABC transporter expression levels in melanoma cell lines cDNA was amplified using the Taqman PreAmp Master Mix kit (Applied Biosystems). Samples were run in quadruplicate on a BioMark Dynamic Array chip (Fluidigms).
Doxorubicin Dose Response Curve
Melanoma cell lines were seeded in 96-well plates (10,000 cells per well). Doxorubicin (Sigma) was added at increasing concentrations for 24 h. The CellTiter-Glo Luminescent Cell Viability Assay (Promega) was conducted 24 h after doxorubicin removal. Percent survival was determined by the formula: doxorubicin treated/doxorubicin untreated. All experiments were conducted in triplicate. shRNA plasmid, VSV-G plasmid, and D8.9 were cotransfected into 293T cells using Lipofectamine (Invitrogen). After 3 d, viral supernatants were isolated and passed through a 0.45-Am cellulose acetate filter. For determination of knockdown efficiency, WM793B cells were transduced and selected for 3 d in 1 Ag/mL puromycin (Sigma) and the total RNA isolated. Samples were processed for real-time PCR as described above. Expression levels were calculated as percent reduction compared with shRNA nontarget control. For all viability assays, cells were seeded in 96-well plates (3,000 cells per well) and transduced with a specific shRNA lentivirus. After 3 d of puromycin selection, cells were treated with specific concentrations of doxorubicin for 24 h. The CellTiter-Glo assay was conducted 24 h after doxorubicin removal. Percent survival was determined by the formula: shRNA infected (doxorubicin treated)/shRNA infected (doxorubicin untreated). Experiments using Taxol (Sigma), 5-fluorouracil (InvivoGen), and cisplatin (Sigma) were carried out as above except the cell exposure period for 5-fluorouracil was extended to 72 h. All IC 50 values were calculated using GraphPad Prism 5.0 software. All experiments were done in triplicate. The Independent Groups t test was used for statistical analysis.
Mitochondrial DNA QPCR
WM793B cells were seeded in 6 well plates (50,000 cells per well) and transduced with nontarget shRNA control or ABCB8 shRNA lentivirus. After 3 d of puromycin selection, the cells were exposed to different concentrations of doxorubicin for 4 h. Cells were washed in PBS and incubated 24 h in normal media. Cells were harvested using 0.05% trypsin (HyClone) and high -molecular weight DNA was isolated using the Blood and Cell Culture DNA Mini kit (Qiagen). DNA isolated using this technique is ideal for QPCR (23) . The DNA was quantified using a ND-1000 spectrophotometer (NanoDrop). The DNA samples were diluted to a concentration of 3 ng/AL. QPCR was done as described (23) . Briefly, using the GeneAmp XL PCR kit (Applied Biosystems), 15 ng of DNA were mixed with 1Â buffer, 100 ng/AL bovine serum albumin (Invitrogen), 200 Amol/L deoxynucleotide triphosphates, 1.3 mmol/L Mg 2+ , 20 pmol of each primer, and 1 U of polymerase. The primer sequences for the 8.9-kb fragment of the mitochondrial genome were 5 ¶-TTTCATCATGCGGA-GATGTTGGATGG-3 ¶ and 5 ¶-TCTAAGCCTCCTTATTC-GAGCCGA-3 ¶.
PCR was initiated at 75jC with a hot-start addition of the polymerase. PCR was carried out on a PTC-200 DNA Engine Thermal Cycler (Bio-Rad). Thermocycler variables used were as follows 94jC for 1 min followed by 19 cycles of 94jC for 15 s and 60jC for 12 min. A final extension of 72jC was done for 10 min. An untreated control containing 50% of the template was included to ensure quantitative conditions. PCR products were resolved on a 0.8% Tris-borate EDTA agarose gel containing 1 Ag/mL ethidium bromide (Sigma). PCR amplified products were quantitated using AlphaImager HP (Alpha Innotech). Relative amplification was calculated by dividing the amplification values of the doxorubicin treated samples (A D ) by the untreated control (A O ). Assuming that DNA lesions are randomly distributed and using the Poisson equation
